Abstract: The determination of the total hydroxytyrosol (Htyr) and tyrosol (Tyr) content of virgin olive oil is of utmost interest for the International Olive Council (IOC), food authorities, producers and distributors after the issuing of a health claim that 'olive oil polyphenols contribute to the protection of blood lipids from oxidative stress'. To address the need of a harmonized and standardized protocol the present study focuses on the extraction solvent of the polar fraction.
Introduction
Hydroxytyrosol (Htyr) and tyrosol (Tyr) in their free and bound forms are the most abudant polar phenols of VOO. [1] They contribute to its high resistance to oxidation, to various health benefits associated with its frequent consumption such as the protection of low-density lipoprotein particles from oxidative damage. [2] [3] [4] The bound forms are responsible for the bitterness and astringency of the fresh product. [4] The concentration and profile of these compounds depends on the cultivar, agricultural practices, fruit maturity and integrity, processing parameters and storage length and conditions all of which impact the commercial quality and claimed nutritional and health benefits of VOO. Therefore, since the late 60's much effort was devoted to the analysis of these compounds including the step of their extraction from the oil matrix. [1, [4] [5] [6] [7] The polar phenolic compounds are determinedin the 'polar fraction' of the oil, which is obtained with the aid of polar solvents. Evidence built up over the years indicates that liquid-liquid extraction is more efficient than solid phase one for this purpose. [4] Aqueous mixtures of methanol (MeOH), mainly
MeOH:H2O (80:20 v/v and 60:40 v/v), are used in the majority of applications, [7] whereas, lately, the use of acetonitrile (ACN) is also discussed because -being a non-protic solvent -does not lead to the formation of artifacts as it is expected for MeOH. In addition, its use seems to be beneficial for the recovery of the complex forms of Htyr and Tyr. [8, 9] Still, literature search among the numerous papers on the analysis of olive oil polar phenolic compounds indicates the need for standardization of this critical step.
In the frame of OLEUM project, seeking for the harmonization of procedures that can then be adopted in the analysis of olive oil for both regulatory and research purposes [10] a systematic work to standardize step by step a procedure for the determination of total Htyr and Tyr content is undertaken. In particular, this study addresses the effect of the polar phenol extraction solvent.
Such a work is of utmost interest for IOC, European food authorities, producers and distributors [11, 12] after the issuing of a health claim that 'olive oil polyphenols contribute to the protection of blood lipids from oxidative stress'. [13] For the aim of the study, aqueous mixtures of MeOH and ACN were comparatively examined as extraction solvents of the polar fraction. Ethanol, which is sometimes also reported, [14, 15] was not included as it exerts similar selectivity to MeOH and it is more expensive than that. The extraction solvent mixture used in the protocol that has been adopted by the IOC for the determination of biophenols in olive oil by HPLC [16] was the reference point for our efforts to standardize this step. Several analytical methods (Folin Ciocalteu, HPLC-DA-FL, 1 H-NMR, LC-MS) have been applied to evaluate the recovery of phenolic compounds using the selected extraction solvent mixtures and to verify the presence/absence of artifacts.
Materials and methods

Chemicals
Tyr (98%) and 1,3,5-triazine (97%) were products of Alfa Aesar GmdH & Co KG, (Karlsruhe, Germany). Caffeic acid (CA, 98%) and 3,4-dihydroxyphenylacetic acid (DHPA, 98%) were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Htyr (98%) was from Extrasynthèse (Genay, France). H2O-d2, (99.9%) and DMSO-d6, (99.8%) were obtained from Deutero GmdH (Kastellaun, Germany). For mass spectrometry analysis, hexane and methanol of mass spectrometric grade (MS SupraSolv®) and formic acid (Suprapur®) were purchased by Merck (Darmstadt, Germany). Water was of ultrapure Milli-Q grade. Nitrogen (Alphagaz N2, purity 99.999%, Air Liquid) was used in the Orbitrap as nebulization and fragmentation gas. Other reagents and solvents of appropriate grade were purchased from various producers.
Virgin olive oil samples
The VOO samples examined (S1-S30) were obtained directly from various producers and locations belonged to AUTH-OLEUM collection. Other details are given in the respective Tables   and Figures. 
Preparation of the polar fraction
Calculation of the extraction solvent mixture composition
The composition of aqueous ACN mixtures of equal polarity index values to the aqueous MeOH ones was calculated from the equation P´ = φa × Pa+ φb × Pb, where φa and φb is the volume fraction of each solvent in the binary mixture and Pa, Pb refers to P' values of the pure solvents.
The P´ values for MeOH (5.1), ACN (5.8) and H2O (10.2) were from Snyder et al. [17] Similarly, the composition of aqueous ACN mixtures of equal polarity ET(30) value to the aqueous MeOH ones was calculated from the equation ET(30) = 63.0412 -0.1773×(% ACN) + 0.0010 × (% ACN) 2 using the ET(30) values provided by Dorsey and Johnson. [18] According to the authors the equation is valid for ACN:H2O mixtures in the range 0-80% v/v.
Extraction procedure
The extraction procedure was as follows unless otherwise stated in the experimental, discussion, figures or tables: An aliquot of VOO (2.5 g) was dissolved in 5 mL of hexane and the polar fraction was extracted using an equal volume of the tested solvent. The mixture was vortexed for 2 min and centrifuged for 10 min at 3500 rpm. [19] The extraction was carried out once after examination of the repeatability over the period of the last four years by different analysts (CV%=1.1-5.1%, n=5) using the Folin-Ciocalteu (F-C) assay.
Colorimetric assessment of the total polar phenol content (TPC)
Suitable aliquots of the polar extracts were transferred in a 10 mL volumetric flask and, subsequently, water (5 mL) and the Folin-Ciocalteu reagent (0.5 mL) were added. After 3 min, 1 mL of saturated (37%, w/v) sodium carbonate solution was added to the reaction mixture. The solution was diluted with water to 10 mL and after 1 h the absorbance at 725 nm was measured against a blank solution with a spectrophotometer UV-1601 (Shimadzu Co., Kyoto, Japan).
Caffeic acid (CA) was used as an external standard [19] and results were expressed as mg CA /20 g of oil.
The determination was performed in triplicate for each extract (the repeatability over the period of the last four years by different analysts was CV%=1.1-2.7%, n=5).
Acidic hydrolysis of the polar fraction
An aliquot (200 μL) of the polar fraction was mixed with 200 μL of a 1 M H2SO4 solution. The mixture was incubated in a water bath at 80 °C for 2 h. [14] The procedure was carried out in triplicate. Each hydrolysate was then diluted with 200 μL of the polar fraction extracting solvent.
The three replicates were combined to obtain a representative hydrolysate. The latter was filtered through a 0.45 μm pore size regenerated cellulose membrane (Schleicher and Schuell, MicroScience GmbH, Dassel, Germany) before injection onto the chromatograph. [19] Analysis was carried out in triplicate. The intra and interday repeatability of hydrolysis for Htyr and Tyr determination were (CV%) 0.9/2.4 and 1.5/2.2 (n =5), respectively.
RP-HPLC analysis of the polar phenolic compounds
The HPLC system at AUTH was consisted of a pump, model P4000 (Thermo Separation Products, B; 50 − 52 min, 95% B; 52 − 54 min, 100% B; 54 − 60 min, 5% B, at a flow rate of 0.5 mL/min and an injection volume of 10 μL. [19] In certain experiments (section 3.2) the separation was carried out using the gradient proposed by IOC [16] or with slight modifications. Quantitative data using various standards were expressed as mg or μmol /20 g oil. 
LC-MS analysis
1 H-NMR analysis
1 H-NMR experiments were conducted on a 500 MHz NMR (Agilent Technologies Inc., Santa Clara, CA). The probe temperature was 25°C. All chemical shifts were given in ppm from TMS (δ 0.00). For quantitative 1 H-NMR measurements, the experimental parameters were: repetition time (acquisition time + relaxation delay) 12s, 32k data points, number of scans 32 with 4 dummy scans.
Baseline correction (applying a polynomial fourth-order function) and phasing were carried out manually prior to the integration process using appropriate software (Mestrelab Research Lab, ver. in the polar fraction was carried out according to Dais and Christophoridou. [20] The results were expressed as μmol /20 g of oil. The CV% of the measurement for a VOO sample was 0.6 (n=5).
Statistical analysis
Statistical comparisons of the mean values were performed by one-way ANOVA, followed by the multiple Duncan test (p<0.05 confidence level) using the SPSS 14.0 software (SPSS Inc., Chicago, IL, USA). The same software was used for pairwise student's t-test comparison of means at p<0.05 where necessary.
Results and discussion
Selection of aqueous acetonitrile composition
MeOH and ACN are two polar solvents of different selectivity characteristics (Table S1 ) [17, 21] so that the study of their extracting efficiency at equal percentages in aqueous mixtures [22] is not the most appropriate one. In the present study selection of the most efficient aqueous ACN mixture with regard to the performance of the aqueous MeOH mixture proposed by IOC, namely
The aqueous ACN mixtures tested had a composition of comparable polarity to those of the MeOH one using either the Snyder polarity index (P´) [17] or the solvent polarity parameter ET(30). [18] The P' is a measure of solvent ability to interact with solutes of different functionality, [17] whereas ET(30) is a descriptor of both hydrogen bond and electrostatic interactions of the solvent.
[23] The percentages were calculated as described in section 2.3. Table 1 ). The latter was in turn more efficient than the MeOH:H2O, 60:40, v/v (p<0.05). The same trend was observed by both the colorimetric and chromatographic analysis. These observations were verified for 5 more VOOs (S2-S6) randomly picked up from the AUTH OLEUM collection (Table 2) .
Information from Table 2 together with that obtained for the total Htyr and Tyr content determined using 1 H-NMR spectroscopy (Table 3 ) gave a strong evidence that further examination of the MeOH:H2O, 60:40, v/v mixture was not promising for the aim of a standardised protocol.
The other two solvent systems deserved further examination.
MeOH:H2O, 80:20, v/v, vs ACN:H2O, 70:30, v/v mixtures as extraction solvents
The VOO polar fraction is used for the estimation of the total content or individual phenol before or after hydrolysis, mainly using RP-HPLC. [5, 15, 16, 19, [24] [25] [26] Data shown in Figure 1 for the TPC (mg CA /20 g oil) for twenty-one (21) authentic VOOs (S7-S27) extracted with the two prevailing solvent mixtures indicated that aqueous ACN gave statistically significant higher values only in five samples. In particular, these values were only 1.1-1.3-fold higher, suggesting that the two solvent mixtures are of equivalent potency. Further insight in quantitative and qualitative differences was sought using RP-HPLC-DA-FL and LC-MS analyses.
RP-HPLC-DA-FL analysis
Introduction of the polar extract to the liquid chromatograph is usually carried out after drying and redilution in a volume of MeOH:H2O or MeOH even if in the gradient elution ACN is used. [19, 22, 24, 25, 27] In the IOC recommended protocol, the polar fraction is injected directly onto the HPLC system probably to avoid further sample manipulation, which may increase the labour and time of
analysis. There is no published paper that details all the steps of the development of this protocol which has been accepted after a collaborative study and data evaluation according to ISO 5725. [16] Seeking for differences between the two extraction solvent mixtures, the VOOs S10, S13, S17, S19 and S24 were also examined using this protocol. The samples were of the same cultivar and location and contained almost comparable TPC by F-C. Τhe choice aimed at reducing the effect of cultivar, geographical origin and magnitude of content among findings. The profiles recorded using DA and FL detectors are given in Figure 2 . Quantification was carried out before (TPC) and after hydrolysis (total Htyr and Tyr content) at 280 nm. Different standard curves or result expression were used. The quantitative results are presented in Table 4 .
From the recorded profiles of the two extracts it was observed that they were qualitatively similar using either DA or FL detection. The F-C findings (see Figure 1) were not reflected in the chromatograms but for all pairs of samples -regardless of the standard used for quantification of the TPC-the values obtained for the aqueous MeOH extracts differed statistically from those of the aqueous ACN ones (Table 4) . Using Htyr for quantification, lower values (1.67-1.70 fold) than those acquired with Tyr as a standard were obtained. These values were only 1.02-1.07 fold higher than those expressed as DHPA equivalents. The latter phenolic acid was selected as a possible alternative to Htyr considering the structural similarity and its lower cost. Despite the fluctuation in the absolute values, the use of different standards did not augment or suppress the relative differences. As a consequence, the findings led to similar judgments. Focusing on total Htyr and Tyr content by hydrolysis of the polar fraction, statistical significant differences were observed in three of the samples for both constituents. Nevertheless, no clear superiority of one solvent mixture over the other was observed regardless of the result expression.
LC-MS analysis
Three pairs of polar phenol extracts from samples S28, S29 and S30 were then prepared using Figure S2 ). The hypothesis that artifacts due to the presence of MeOH in the extract could be detected was examined for oleacein and oleocanthal ones using also TQd at the MRM mode. [28, 29] Using all LC-MS facilities the methyl hemiacetal (MeHA) of the two phenols was detected in both type of extracts. Only with the aid of TQd at the MRM mode, which is the most sensitive type of experiment, the dimethylacetal (DiMeA) of oleocanthal was found in all the extracts, whereas DiMeA of oleacein in the two extracts only of S28. The artifacts eluted at the same retention time with that of the precursors.
Furthermore, calculation of the relative concentration of the artifacts detected (Table S. 2) on basis of the peak area recorded by the three MS platforms showed that their levels in both type of extracts per sample were always comparable (maximum difference ≤ 2%). Such an observation
indicates an effect of the mobile phase composition and not of the extraction system. Present findings are in agreement with those of Sánchez-de Medina et al. [29] who analysing with LC-QTOF at MRM mode a pure ACN or a MeOH:H2O, 60:40, v/v polar extract: (i) reported a similar % formation of oleacein and oleocantal artifacts (~16%)-the MeHAs were the main artifacts-in both of them when the elution protocol had MeOH in the gradient composition; (ii) when the same extracts were analyzed using a gradient containing only ACN, the corresponding artifacts were not detected. Thus, using the IOC proposed HPLC protocol the presence of MeOH artifacts is unavoidable regardless of the extract solvent.
Conclusion
The systematic work proved to be useful toward harmonization and standardization of an extraction protocol for the polar fraction of olive oil, which then can be used for the determination of total polar phenols or of the total content of Htyr and Tyr. The use of ACN had not a clear positive effect that can compensate its higher cost, commercial availability and toxicity that could support its adoption in a standardized protocol. The findings of this work justify further why MeOH:H2O should be retained in an IOC protocol for the accurate and repeatable determination of total Htyr and Tyr content necessary to support the health claim for 'olive oil polyphenols'.
Artifacts are rather related to the presence of MeOH in the elution gradient but if the total Htyr and Tyr content is determined after hydrolysis of the polar fraction no effect in the quantitation should be expected.
[21] C. Reichardt, T. [19] ; HPLC conditions according to IOC [16] Figure legends with a linear gradient to 100% organic by 25 min before being held at 100% for 5 minutes.
The flow rate was 0.5 mL/min and the injection volume was 2.5 µL. Gradient: The one proposed by IOC [16] , phosphoric acid substituted with 0.1% formic acid in aqueous phase.
Mass spectrometric analysis was carried out with Agilent Technologies Infinity 1260
HPLC equipped with 6420 Triple Quad ESI instrument operating in negative ion mode as follows: gas temperature 300 ºC, gas flow 10 L min -1 , nebulizer pressure 50 psi and capillary voltage 3 kV.
Detection: The main parameters for MS/MS using the MRM mode are the following: Snyder et al. [17] 
